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To improve the photoelectrochemical activity of TiO, for hydrogen production through water splitting,
the band edges of TiO, should be tailored to match with visible light absorption and the hydrogen or
oxygen production levels. By analyzing the band structure of TiO, and the chemical potentials of the
dopants, we propose that the band edges of TiO, can be modified by passivated codopants such as (Mo +
C) to shift the valence band edge up significantly, while leaving the conduction band edge almost
unchanged, thus satisfying the stringent requirements. The design principle for the band-edge modifica-
tion should be applicable to other wide-band-gap semiconductors.
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TiO, has strong catalytic activity, high chemical sta-
bility, and a long lifetime of photon-generated carriers,
making it one of the most promising photocatalysts for
hydrogen production through photoelectrochemical (PEC)
water splitting and for other applications such as water or
air purification and dye-sensitized solar cells [1-4]. The
water-splitting process [1,2], as shown in Fig. 1, utilizes
both the reducing and oxidation powers of TiO,. The
reducing power is measured by the conduction band mini-
mum (CBM) energy. The closer the CBM energy to the
vacuum level, the stronger the reducing power is. On the
other hand, the oxidizing power is measured by the valence
band maximum (VBM) energy. The lower the VBM en-
ergy, the higher the oxidizing power. For a spontaneous
PEC water-splitting process, the oxygen and hydrogen
reactions must lie between the VBM and CBM; i.e., the
band edges must straddle the water redox potential levels.
The band alignments of TiO, satisfy this requirement with
a CBM energy slightly above the hydrogen production
level and VBM far below the water oxidation level (see
Fig. 1). However, the energy conversion efficiency of TiO,
is low. This is mainly because TiO, has a wide band gap of
about 3.2 eV; thus, TiO, absorbs only a small portion of the
solar spectrum in the ultraviolet region. It is well known
that to achieve high efficiency, the desirable photocatalyst
should have a band gap around 2.0 eV and the positions of
its band edges must be matched with the redox potentials
of water [5].

In the last few years, great efforts have been made to
modify the band structure of TiO, to shift its absorption
edge toward the visible light region and place its band
edges at proper positions, thus improving its photocatalytic
efficiency. One way of doing so is to dope TiO, with either
anions or cations [6—10]. For example, TiO, doped with
substitutional nitrogen creates an acceptor level above the
VBM. The presence of such states has led to an effective
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band-gap narrowing and some visible-light PEC water-
splitting activities. However, experimental studies also
show that for this kind of monodoping, photogenerated
current is low because the partially occupied impurity
bands can act as recombination centers and reduce the
photogenerated current. Monodoping with 3d transitional
metal ions has also been investigated extensively for ex-
panding the photo response of TiO, into the visible region.
Although this approach was able to reduce the band gap of
TiO, to some extent, it also suffers from the existence of a
carrier recombination center and the formation of strongly
localized d states within the band gap, which significantly
reduce carrier mobility [11-13].

In this Letter, we propose using a passivated codoping
approach to redshift the TiO, absorption edge and improve
its photocatalytic efficiency for hydrogen production.
Because the defect bands are passivated, they will not be
effective as carrier recombination centers [14,15]. After
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FIG. 1. Position of the band edges of TiO, relative to the
standard levels of hydrogen production and water oxidation.
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analyzing the band structure of TiO, and the chemical
potentials of the dopants, we suggest that (Mo + C)-doped
TiO, could be a strong candidate for PEC water splitting,
because it does not affect much of the CBM, but increases
the VBM edge significantly. This is required, because the
CBM of TiO, is only slightly higher than the reducing
potential of water, but the VBM of TiO, is far lower than
the oxidizing potential of water (Fig. 1).

The band structure and total energy calculations are
performed using the frozen-core projector-augmented-
wave (PAW) method [16] within the local density approxi-
mation (LDA) as implemented in the VASP codes [17]. The
cutoff energy for the plane-wave basis set is 400 eV. TiO,
can exist in several different phases. Here, we choose
anatase TiO,, because the CBM of this phase is about
0.1 eV higher than that of rutile, which render the former
more applicable for hydrogen production [18]. Our calcu-
lated lattice parameters for primitive anatase TiO, are a =
3.768 A, ¢ = 9.458 A, and u = 0.208, which are in good
agreement with experimental values [19]. The calculated
band gap is 1.874 eV, much smaller than the experimental
band gap of 3.2 eV due to the well-known LDA error.
However, in this study we focus on the change of the
band gap after doping, so we expect the LDA band-gap
error is largely canceled between different systems. To
simulate doping, a 48-atom 2 X 2 X 2 supercell is em-
ployed. For the Brillouin zone integration, a 2 X 2 X 2
Monkhorst-Pack [20] k-point mesh is used; a more refined
8 X 8 X 8 k-point mesh is used for the density-of-states
(DOS) plots.

Band-edge characters of TiO,.—To modify the band
structure of TiO, through doping, we first need to know
the atomic wave function characters of the band-edge
states. As can be seen from the total DOS and partial
density of states (PDOS) plots for bulk TiO, in Fig. 2,
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FIG. 2 (color online). The LDA-calculated total and atom-
projected DOS of TiO,. The highest occupied state is chosen
as the Fermi energy and is set to zero.

the valence band edge of TiO, consists mainly of O 2p
states, whereas the conduction band edge has predomi-
nantly Ti d character. Therefore, to modify the valence
band edge (p-type doping), we should choose dopants with
different atomic p orbital energy than O, whereas to mod-
ify the conduction band edge (n-type doping), we should
choose dopants with different atomic d orbital energies
than Ti.

Monodoping in TiO,.—In this study, we choose 3d
transition metals V and Cr, and 4d transition metals Nb
and Mo substituting on the Ti site as the n-type dopants and
N and C substituting on the O site as the p-type dopants.
Figure 3 shows the calculated DOS for anion and cation
monodoped TiO,. Here, the DOS in the different systems
are aligned by referencing to the core levels of the atom
farthest from the impurity. As expected, the incorporation
of N or C on oxygen lattice sites induces acceptor states
above the VBM of TiO,. The position of the acceptor level
with respect to the VBM, which has mostly O 2p character,
is largely determined by the anions’ 2p orbital energies.
The neutral 2p orbital energy of carbon and nitrogen are
3.8 and 2.0 eV higher, respectively, than O 2p orbital
energy. Therefore, the acceptor levels induced by C is
deep inside the gap of TiO, [Fig. 3(b)], whereas the N
acceptor level is relatively shallow [Fig. 3(a)] [21]. Also, as
carbon has two less valence electrons than oxygen, the
substitution of C on the O site acts as a double acceptor.
Similarly, substitution of nitrogen on the O site acts as a
single acceptor.

When transition metals (TMs) are used to substitute for
Ti in TiO,, the largest perturbation occurs at the CBM,
which has mostly Ti d character. The position of the
created donor state near the CBM depends on the d orbital
energy of the dopants. Our calculations show that Vrp;
[Fig. 3(c)] and Cry; [Fig. 3(d)] creates deep donor levels
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FIG. 3 (color online). The LDA-calculated total DOS for
monodoped TiO, (red or gray) compared with pure TiO, (black)
and the partial DOS for impurity atoms (green or light gray). The
partial DOS plots are amplified for clarity.
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inside the band gap, whereas the defect levels of Nby;
[Fig. 3(e)] and Mor; [Fig. 3(f)] are shallower. To under-
stand this trend, we calculated d orbital eigenvalues of
these transition metals in d"s° configurations (n = 2 for
Ti, n = 3 for Vand Nb, and n = 4 for Cr and Mo). We find
that with respect to Ti d orbital, the 3d orbital energies of V
and Cr are 1.8 and 3.3 eV lower than that of Ti 3d orbital
energy. The 4d orbital energy of Mo is 1.2 eV lower,
whereas the Nb 4d orbital is 0.5 eV higher than Ti 3d
orbital energy. The shallowness of the 4d orbital energy
compared to the 3d is related to the more delocalized
character of the 4d orbital. The difference between the
3d and 4d orbital energies will increase further if the
ionization state of the TM increases. Therefore, because
the 3d orbital energy of Cr is the lowest among the TM
dopants, the defect level of Cry; is the deepest inside the
band gap away from the CBM of the host. Vq; donor level
is relatively shallower than Cry;. The most interesting
dopants are Mo and Nb, whose 4d orbital energies are
close to, or higher than, that of Ti 3d. When Ti is replaced
by Mo or Nb, the defect levels are resonant with the
conduction band. Therefore, Mo and Nb are ideal n-type
dopants that cause little perturbation at the CBM. For these
TM dopants, both V and Nb have one more valence elec-
tron than Ti, so they are single donors, whereas Cr and Mo
are double donors.

Passivated codoping in TiO,.—The above-mentioned
monodoped systems create partially occupied impurity
bands that can facilitate the formation of recombination
centers, and thus reduce the PEC efficiency. To avoid this
problem, we propose to dope TiO, using charge-
compensated donor-acceptor pairs such as (N + V), (Nb +
N), (Cr + C), and (Mo + C). In these cases, the electrons
on the donor levels passivate the same amount of holes on
the acceptor levels, so the systems still keep semiconductor
character. Figure 4 shows the total DOS of (V + N), (Nb +
N), (Cr + C), and (Mo + C)-codoped TiO, and compares
the results with that for pure TiO,. We see that the VBM
increased greatly compared to the pure TiO,, whereas the
change of CBM is small. Table I lists the shifts of the band
edges and changes of the band gaps that are due to the
formation of impurity bands from passivated donor and
acceptor pairs with respect to that of pure TiO,.

We can see that the band-edge shifts caused by the
donor-acceptor passivated codoping follow the same
chemical trends as that observed in the corresponding
monodoped cases. Because both single acceptor Ny and
single donor Vr; are relatively shallow impurities, (N + V)
codoping in TiO, reduces the band gap by only 0.49 eV.
This is also the case for (Nb + N) codoping, as Nbr;
creates a resonant donor state inside the conduction band.
The (Cr + C) codoped system has a much smaller band
gap than that of TiO,, which can be accounted for by the
relatively deep double donor Crr; and double acceptor Cq
levels. However, as discussed above, to improve the PEC
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FIG. 4 (color online). The LDA-calculated DOS of undoped
TiO, and (V + N), (Nb + N), (Cr + C), and (Mo + C)-codoped
TiO,. The Fermi level of pure TiO, is displayed with a dashed
line.

efficiency of TiO, for water splitting, not only do we need
to reduce its band gap to match the visible-light region, we
also need to adjust the band-edge energy levels to maintain
the redox power of TiO,. As shown in Fig. 1, this means
that we should keep the CBM energy of the modified TiO,
as high as possible to utilize the reducing power of TiO,. In
view of this requirement, TiO, with (Cr + C) codoping is
not suitable for H, production, as the conduction band edge
moved downwards by more than 0.3 eV compared with the
pure TiO, [Fig. 4(c)]. In the case of conduction band-edge
matching, (Nb + N) codoping would be a better choice as
it upshifts the CBM toward the vacuum level. However, the
effect of (Nb + N) on the band-gap narrowing is too small:
the band-gap reduction is less than 0.4 eV. We find that
among all the systems, TiO,:(Mo + C) has the highest
figure of merit for PEC water splitting, because not only
does it reduce the band gap by about 1.1 eV, ideal for
absorbing visible light, it also causes very small perturba-
tion on the position of the conduction band edge as shown
in Fig. 4(d). This is because Mo introduces only a shallow
donor level below the CBM [Fig. 3(f)], and the coupling
to C makes its energy even higher. Therefore, unlike the
Cr-doped case, we expect that the (Mo + C)-codoped TiO,

TABLE I. The calculated AE,, AE,, and AE, for anatase
TiO, doped with different passivated impurity pairs. Positive
number indicates an increase in energy with respect to pure
TiO,.

Systems AE, AE, AE,
TiO,:(N + V) 0.38 —0.11 —0.49
TiO,:(N + Nb) 0.42 0.05 —0.37
TiO,:(C + Cr) 1.05 —0.31 —1.36
TiO,:(C + Mo) 1.04 —0.08 —1.12
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FIG. 5 (color online). The band structure comparison between
pure TiO, and TiO,:(Mo + C) calculated with LDA + U.

has the ability to keep its reducing power for hydrogen
production under visible light. Furthermore, the forma-
tion of high-lying passivated defect valence band in
TiO,:(Mo + C) can also help overcoming the p-type dop-
ing difficulty in wide-band-gap semiconductors such as
TiO, [22,23].

To verify that the conclusion of our calculation is not
affected by the underestimated band gap in our LDA
calculation, we have also performed LDA + U calcula-
tions for pure TiO, and TiO,:(Mo + C), where the U
parameters are fitted to the experimental band gap of
TiO, (3.2 eV) and MoO; (2.1 eV) [24]. The calculated
LDA + U band structures and band alignments between
TiO, and TiO,:(Mo + C) are displayed in Fig. 5. The
obtained band gap for TiO,:(Mo + C) is 2.26 eV, close to
that predicted from LDA calculation (2.1 eV), indicating
that the LDA band-gap error in systems with and without
dopants is similar. The large dispersion at the top of the
VBM also indicates that the C-derived defect bands are not
too localized to limit the light absorption if the (Mo + C)
concentration is reasonably large.

Binding energy of defect pairs.—To see if the formation
of these defect pairs are stable, we calculated the defect
pair binding energy [25] E, = EMoy;) + E(Cg) —
E(Moq; + Co) — E(TiO,), where E is the total energy of
the system calculated with the same supercell. Positive E),
indicates that the defect pairs tend to bind to each other
when both are present in the sample. The calculated bind-
ing energies E;, for the (V + N), (Nb + N), (Cr + C), and
(Mo + C) pairs are 2.11, 1.97, 2.92, and 3.32 eV, respec-
tively, indicating that the pairs are stable with respect to the
isolated impurities. The large binding energy results from
charge transfer from donor to acceptors and the associated
strong Coulomb interaction between positively charged
donors and negatively charged acceptors.

In summary, based on first-principles band structure
calculations and analysis of the band-edge wave function
characters, we propose that passivated (Mo + C)-doped
TiO, is a strong candidate for PEC hydrogen production
through water splitting, because it reduces the band gap to

the ideal visible-light region, but does not affect much of
the position of CBM. We suggest that the design principles
discussed in this Letter can also be applied to other wide-
band-gap semiconductors.
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